Analysis of plasmonic properties of heavily doped semiconductors using full band structure calculations J. Appl. Phys. 113, 114904 (2013) Effect of tin on point defects and oxygen precipitation in Czochralski silicon: Experimental and theoretical studies J. Appl. Phys. 113, 093511 (2013) Lithium implantation at low temperature in silicon for sharp buried amorphous layer formation and defect engineering J. Appl. Phys. 113, 083515 (2013) Maskless implants of 20keV Ga+ in thin crystalline silicon on insulator J. Appl. Phys. 113, 044315 (2013) Additional information on J. Appl. Phys. We investigate the impact of isovalent (in particular lead (Pb)) doping on the production and thermal stability of the vacancy-related (VO) and the interstitial-related (C i O i and C i C s ) pairs in 2 MeV electron irradiated Si samples. We compare the Cz-Si samples with high and low carbon concentration, as well as with Pb-C and Ge-C codoped samples. Using Fourier Transform Infrared Spectroscopy (FTIR), we first determine that under the examined conditions the production of VO decreases with the increase of the covalent radius of the prevalent dopant. Moreover, the production of the VO, C i O i , and C i C s pairs is quite suppressed in Pb-doped Si. In addition, we conclude to an enhanced trapping of both C i and C s by Pb impurity under irradiation. The results are further discussed in view of density functional theory calculations. The relative thermodynamic stability of carbon and interstitial related complexes was estimated through the calculations of binding energies of possible defect pairs. This allows to investigate the preferred trapping of vacancies in Pb-doped samples and interstitials in the Ge-doped samples. The different behavior is revealed by considering the analysis of the ratio of vacancy-related to interstitial-related clusters derived from the FTIR measurements. The presence of PbV complexes is confirmed due to the mentioned analysis.
I. INTRODUCTION
Si and its alloys are mainstream materials used in a range of microelectronic and photovoltaic applications. Nevertheless, the understanding of numerous defect-dopant associations, which can affect its properties are still not well established. 1 These can become very important considering that the dimensions of devices are a few nanometers with atomic effects becoming more important. Oxygen (O) and carbon (C) are important impurities in Si, whereas their tendency to associate with intrinsic defects and other impurities leads to numerous clusters that in turn affect the properties of Si. 2, 3 Infrared spectroscopy (IR) has been used extensively to study the production and annealing behavior of defects in irradiated Si. Localized vibrational modes (LVM) bands from oxygen-related and carbon-related clusters in Si have been identified and attributed to particular structures. It is established that oxygen associates with vacancies and carbon with self-interstitials (I). A band at 830 cm À1 has been assigned 4, 5 to the neutral charge state of the VO pairs, which is the main oxygen-related cluster in Si. The main carbonrelated pairs are the C i O i and the C i C s . At least six LVM bands have been assigned 3 to the C i O i pair, among them the strongest is that at $860 cm
À1
. For high irradiation fluencies, the C i O i pair can associate with self-interstitials and two bands at 940 cm À1 and 1024 cm À1 have been correlated with the C i O i I cluster. 3 The metastable C i C s defect gives more rise to more than ten IR band. Five of them have been correlated with the A configuration of the defect and another six IR bands with the B configuration of the defect. 6 Although the bands are very weak and can be observed only at liquid helium (He) temperatures, a band at 544 cm À1 can be detected 7 at room temperature in carbon-rich Si. Notably, VO, C i O i , and C i C s pairs introduce deep levels in the energy gap of Si, and therefore, affect its electrical properties. More specifically VO and C i O i complexes are thought to act as recombination centers 8, 9 in Si leading to a severe degradation of devices. For C i C s , however, recent research on Si lasers has shown 10 that the introduction of this pair can be used to obtain optical gain and stimulated emission that in turn enhance the performance of Si-based devices.
The isovalent doping of Si is an established point defect engineering strategy. In previous studies, [11] [12] [13] [14] we have investigated the effect of Ge doping to radiation harden Si. In particular, it was determined that the production of the VO, C i O i , and C i C s is generally enhanced 11 by the presence of Ge. Additionally, the thermal stability of the VO pair was found to be reduced 12 although that of the C i O i and C i C s pairs is practically unaffected 12 by Ge. Finally, the percentage of VO defects that are converted to VO 2 defects is reduced 13 by the presence of Ge. Considering the case of Pb doping, the picture is less clear. It was determined from electrical measurements 15, 16 that the production of the VO and C i C s pairs is suppressed in Pb-doped Si, although there are no related reports about the C i O i pair. Moreover to the best of our knowledge, there are no reports regarding the impact of Pb on the thermal stability of the oxygen-vacancy and carbon-related pairs. Similarly, there are no reports regarding the effect of Pb on the conversion ratio of the VO to the VO 2 defect.
Notably, Pb has a larger covalent radius than that of Si inducing strains in the lattice which can be compensated by the introduction of C, which has a smaller covalent radius than that of Si. In fact, the codoping of Pb and C in Si has been used as a technique to stabilize Pb atoms at substitutional sites and suppress any Pb precipitation. 15, 17 Although there is indirect evidence 15, 16 for the interaction between Pb and C atoms, nevertheless any signal from PbC related complexes has not been detected so far. In general, the introduction of strain fields in the lattice either with the application of external pressure or with the introduction of isovalent impurities with a larger covalent radius can impact the equilibrium concentrations and defect processes (e.g., diffusion) of intrinsic point defects. [18] [19] [20] On the other hand, carbon itself is also an isovalent impurity effectively providing internal local tensile strain to the silicon lattice. Concerning the effect of carbon to the formation of the VO pair, we note that the exact role of carbon is not definitely established so far in the literature. For instance, there are reports stating that VO formation is not affected 21 by the carbon presence, although other reports have concluded that the carbon presence enhances 22 the VO formation. As it was mentioned above, some species that are present in the samples could remain undetected with an established experimental technique such as IR spectroscopy. This is because the signal from these defects is either too weak or shadowed by other defect complexes. Nevertheless, there is a possibility to investigate thermodynamic and kinetic features of the defects and their complexes on the atomic scale using first principles calculations as recently reviewed in Ref. 23 . For instance, this is the case for PbV complex in Pbdoped silicon. PbV complex was predicted to be stable via ab initio calculations in a recent paper, 20 however, its LVM bands have not been identified so far.
The scope of the present contribution is two-fold. First, we investigate the effect of Pb on the production and the thermal stability of the VO, C i O i , and C i C s pairs, which allows us to make an assessment of the hardening potential of Pb on these pairs by comparison with the corresponding effect of Ge doping in Si. Second, in order to determine and separate the effect of each dopant on defect formation, we have performed a systematic theoretical study of possible defect pairs. We considered pairs containing C and one of the isovalent impurities (Ge, Sn, Pb) or self-interstitials which were further studied from a thermodynamic point of view. Such a combined analysis strengthens the possibility to obtain a general picture of the processes in bulk silicon codoped with C and Pb/Ge after irradiation.
II. METHODOLOGY A. Experimental methodology
We used mainly two groups of Si samples containing carbon, one Ge-doped (labeled CCz-Si:Ge) and the other one Pb-doped (labeled CCz-Si:Pb). The Ge and Pb concentrations were measured by secondary ion mass spectroscopy (SIMS). The oxygen (1106 cm À1 ) and carbon (606 cm À1 ) concentrations were calculated using calibration coefficients of 3.14 Â 10 17 cm À2 and 1.0 Â 10 17 cm À2 , respectively. To compare and to study the influence of carbon on VO pairs production, we used another two groups of Si samples containing relatively high and low carbon doping labeled C H CzSi and C L Cz-Si. All the samples were mechanically polished and their thickness was $2 mm. It should be noted that the 606 cm À1 band of C s in the spectra overlaps with some other spectra features. This carbon peak is superimposed in the spectra by the two-phonon absorption band in Si causing difficulties in estimating the exact carbon concentration of the samples. By following a procedure similar to that reported 24 previously, we calculated the C s concentration of the samples. The values cited in Table I are similar to the corresponding values given by the provider with an error of less than 2% for the C H Cz-Si sample, 2% for C L Cz-Si sample, and $6% for the CCz-Si:Ge and CCz-Si:Pb samples.
The samples were irradiated with 2 MeV electrons at about $80 C, with a fluence of 1 Â10 18 cm
À2
. Their Ge, Pb, O i , and C s concentrations together with other information regarding the radiation-induced defects VO, C i O i , C i C s , and C i O i I are given in Tables I and II . Following the irradiation, all the samples were subjected to 20-min isochronal anneals in open furnaces in $10 C steps up to about 400 C. After each annealing step, the IR spectra were taken at room temperature by means of a Fourier Transform Infrared (FTIR) spectrometer (JASCO-470Plus) to monitor the thermal evolution of the defects.
B. Theoretical methodology
The BigDFT 25 code was used to perform density functional theory (DFT) calculations within Generalized Gradient Approximation (GGA) using the Perdew-BurkeErnzerhof (PBE) functional. 26 This code is using a wavelet basis-set and is very attractive for dealing with complex and inhomogeneous systems due to the adaptivity of the basisset. Moreover, the basis-set has high convergence properties and the code can run on massively parallel or hybrid architectures. 25, 27 A simple cubic supercell of 216 atoms was used to construct the defected structures with periodic boundary conditions (PBC). The calculation parameters were chosen in accordance to those reported previously since they have proven to give converged results for vacancy diffusion in similar Si supercells. 28 Core electrons were treated within the norm-conserving pseudo-potential approximation using the Hartwigsen-Goedeker-Hutter family. 29 The wavelet basis-set accuracy in PBC is given by the grid step size which has been chosen to be 0.4423 Bohr in the three space directions. This value provides variations in formation energies of oxygen related defects in silicon within 20 meV, while the oxygen pseudopotential is harder than all other dopants we introduced (C, Si, Ge, and Pb). Finally, C-point alone was used for Brillouin zone integration since the size of the supercell ensures enough convergence for formation and migration energies of defects in silicon. 30 For this work, we have calculated the binding energies, E b , of the defects of interest as E b ¼ E A þ E B -E AþB with E A and E B being the formation energy of the former isolated defects A and B, and E AþB is the energy of the defect complex. The isolated defect has been calculated in separate Si supercell. Energies already present in references have also been recalculated here for consistency and comparison of obtained results. For the CCz-Si:Ge sample, the spectral range below 600 cm À1 is very noisy and the 546 cm À1 band is obscured by this noise. Consequently, the thermal evolution of the band cannot be monitored properly. The band disappears above $300 C but its decay cannot be followed and therefore it is not presented in Fig. 2(c) . Fig. 2 and the results in Tables I and II represent the production of VO, C i O i , C i C s , and C i O i I pairs in the Pb-doped and Ge-doped Si sample as well as in the samples with high and low carbon concentration. It is important to note that the initial concentrations of oxygen and carbon are not the same in the samples used. Carbon and oxygen concentrations are expected to affect the introduction rates of the vacancy-and the interstitial-related secondary radiation induced defects. The lower observed concentration of carbon in the Ge-doped sample makes direct comparisons of dopant effect on the VO production difficult as it has been already reported that carbon concentration has a strong effect in Ge-doped samples. 11 Nevertheless, we will show that conclusions can be derived from a study of the relative concentration of the various defect clusters made of carbon and vacancy/interstitials. We shall interpret the results depicted in Fig. 2 by mainly exploring the role of isovalent dopants present in the Si lattice. Exploring the obtained IR data, one notices the decrease in production of Frenkel pairs with the increase of the radius of the isovalent dopant. This effect is in line with the oversized dopant-induced Frenkel pair production reduction already proposed previously. 23 To progress further in this analysis, we will now quantify how the produced vacancies and interstitials are trapped with respect to the isovalent impurity.
We start our analysis with the reference sample that contains high concentration of C:C H Cz-Si. The concentrations of the detected oxygen and carbon-related complexes are reported in Table II . Upon irradiation most of the vacancies, that survive annihilation with self-interstitials, are captured by oxygen atoms to form VO pairs. In a first approximation, if one does not take into account that some of the produced vacancies pair together to form divacancies, the concentration of VO defects could be taken as a measure of the vacancies concentration. On the other hand, self-interstitials that survive annihilation with vacancies in the course of irradiation are captured by carbon substitutional atoms converting them to carbon interstitials (C i ). The latter are very mobile at room temperature and interact promptly with O i and C s to form C i O i , C i C s , and C i O i I defects. When the oxygen concentration is larger than that of carbon like for the reference sample, the concentration of the C i O i defects is dominating and corresponds to more than 90% of the detected interstitial-related defects. By inspection of the results in Table II and particularly the ratio of vacancy related defects to interstitial related defects (R V/I ), one can immediately see a value of almost 1 indicating that all the created Frenkel pairs had been bound with the oxygen and carbon impurities, respectively, to form the four identified clusters. Such a good balance indicates clearly that indeed all the important vacancy and interstitial-related clusters have been taken into account for the reference C H Cz-Si sample. Regarding now the sample containing low concentration of C: C L Cz-Si, concentrations of all detected complexes are also presented in Table II . It is likely that all the defect complexes of this high purity sample were detected during the irradiation course. The comparison of the two only with carbon doped samples C H Cz-Si and C L Cz-Si allows us to conclude, that doping with lower covalent radius leads to higher VO pairs production under the same irradiation conditions. This point will be further discussed in view of DFT results. In the case of the Ge and Pb-doped samples, the concentration of the C i O i defects is substantially lower than that of the VO defects (see Table II ) suggesting that isovalent dopants play a key role in the reduction of the detected defect clusters. Interestingly, the R V/I is over-balanced for both Ge and Pb. This result is puzzling as it indicates the same kind of behavior for both samples, although dopant interactions with vacancies and interstitials are different. Since some vacancyand interstitial-related defects might not be detected by FTIR it seems reasonable to consider theoretical calculations in order to identify possible missing complexes.
To begin with, we consider vacancy-related defects in Ge and Pb doped samples. Both Ge and Pb are isovalent impurities in Si with a covalent radius larger than that of Si. Therefore, both these oversized isovalent dopants introduce local strains in the Si lattice, which can be relieved by the association with vacancies. For Ge-doped Si, the formation of the GeV pair has been previously reported 31, 32 in low temperature irradiated Si. GeV is stable up to about 200 K and then dissociates effectively liberating the trapped V. Although it is expected theoretically, the formation of PbV pairs has not been observed experimentally yet. 23 The thermodynamic stability of defect clusters can be estimated through their binding energies. The lower is the value of the binding energy the stronger is the association between the defects. The corresponding binding energies of the VO and GeV pairs are found to be 1.53 eV and 0.27 eV, respectively. These values are consistent with previous results 30, 33 indicating that when an O and a Ge compete for a V the formation of the VO pair will be prevalent. For Pb-doped Si, the tendency of Pb to associate with vacancies is larger than that of Ge, due to its considerable higher covalent radius, leading to a larger reduction of VO pairs. Indeed, previous DFT calculations indicate that the PbV pair has a binding energy of 1.37 eV. 23 This implies that Pb will compete more effectively for the available V than Ge and, therefore, it will have a more significant impact on the reduction of the concentration of VO pairs.
The situation is less clear in the case of interstitial-related defects. To further clarify this point, we have calculated using DFT the binding energy of possible defects including carbon and/or dopant and/or interstitial silicon, the dopant being an element of the IVth column (C, Ge, Sn, Pb). Three types have been considered in the following: (i) the carbon substitutional/ (Fig. 3) . From this, we first can claim that C s C s pair is unlikely to form in isovalent doped silicon samples as the binding energy is always negative and as low as À1.5 eV for the first neighboring C s . For the C s Ge s pair, the binding energy is always close to zero. However, Pb and Sn represent positive binding energies with a maximum absolute value of about 0.3 eV when Pb s and Sn s are the first neighbors of a C s .
For the C i D s pair, the binding energy has been calculated only when the interstitial is first neighbor of the D s . The choice of reference is not straightforward as the most stable orientation of the interstitial Si and over-sized impurities is the h110i configuration while it is the h100i for carbon. Notably, the choice of the reference will only change the absolute value of the series but not the difference between the four impurities. Using the h100i silicon interstitial as a reference, we found a binding energy of 1.34 eV for the C i C s (see Fig. 4 ). This strong binding energy is in the line with the formation of such a complex in our samples. 
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For the D s I pair, the binding energy has been calculated also only for the first nearest neighbor configurations. Taking as a reference the h110i silicon interstitial, the binding energy for the D s I pairs is found to be close to zero or slightly negative for all studied complexes except C s I that is bound by 0.87 eV. This pair is expected to further transform to C i with an energy gain of 1.44 eV. This energy will be called from now on as the binding energy of C i , corresponding to the association from separated C s and I. The geometries of these two defects are represented in Figs. 5(a) and  5(b) . The reconstruction could be performed through the carbon migration as indicated by arrows on Fig. 5(a) (not calculated) . However, as the theoretical study of kinetic properties is out of the scope of the present study, the corresponding migration barriers have not been calculated. From the above DFT results, it is clear that C s is the strongest trap for selfinterstitials. This is in agreement with previous experimental findings on this issue 3 and references therein. The positive binding energies of the defect clusters are listed in Table III . In order to estimate the value of the minimal binding energy to form the stable defect at irradiation temperature of 80 C, the mass action law can be considered. For large binding energies E b > 0.3 eV, the complex formation is controlled entirely by the pairing kinetics that is out of the scope of present study. Therefore, we will consider these complexes as favorable ones. For E b smaller than 0.3 eV the dissociation, and hence a precise value of E b , is essential. This is the case for GeV defect pairs in Table III . This defect cannot be formed at all at 80 C due to the low equilibrium ratios of GeV and V. Consequently, this complex may be considered as transient during the irradiation flow. Based on these precepts, the following analysis of defect clustering has been performed.
From the values presented in Table III , it is evident that C s tends to interact with I as well as with C i . Regarding the effect of carbon doping on the VO production, high carbon contamination can affect VO production rate through the capturing of self-interstitials and preserving them from annihilation with vacancies during the irradiation flow. This is also supported with experiment as the detected VO concentration in a low carbon doped sample is reduced in comparison with the reference sample with high carbon concentration (Table II) .
One can compare the binding energies of Table III , which correspond to clusters containing the same dopant. If one compares the clusters containing Pb, it can be seen that Pb forms complexes with vacancies. On the contrary, the Ge atom binds with interstitial carbon with the energy gain of 0.46 eV.
To investigate further the possible clustering within our codoped samples, we analyze the carbon distribution before and after irradiation. The data are reported in Table IV. In the case of the C H Cz-Si and the Ge-doped sample, the situation is rather clear as about 90% of the initial substitutional carbon is dispatched between substitutional carbon and the three carbon interstitial related clusters. But for the Pb-doped sample, only 16.9% of the initial substitutional carbon is detected after irradiation. Following our DFT results summarized in Table III , we can infer that the missing carbon can be distributed between C i Pb s , C s Pb s , and C i defects which are undetected clusters. The concentration of the lost carbon matches a value as high as 16 Â 10 16 cm
À3
, thus changing drastically the balance of the R V/I . As an example, if we consider half of the missing carbon atoms to be involved in the undetected interstitial-related clusters, C i Pb s or dumbbell C i , the resulting extended value of ratio of vacancy-to interstitial-related defects (R V/I_ext ) reduces from the measured value of 1.51 to a suggested value of 0.33. The same analysis applied in the case of the Ge-doped sample only changes slightly the R V/I_ext from measured 1.62 down to 1.53 (Table II) .
The opposite behavior in the balance of R V/I_ext between Ge and Pb doped samples is consistent with their DFT-derived binding energies. Indeed, for the dopant-V pairs, there is a stronger binding energy for the PbV than the GeV pairs. Moreover, the DFT calculations have illustrated that the situation is opposite in the case of interstitial related defects as the binding energy of the interstitial with a Ge atom is stronger than that with a Pb atom. Importantly, the unbalance of R V/I_ext clearly indicates that either vacancy-(for R V/I_ext < 1) or interstitial-related (for R V/I_ext > 1) defects are missing in the FTIR analysis. In other words, vacancy-related defects in the case of Pb-doped and interstitial-related in the case of Ge-doped are trapped by the corresponding impurity in the sample.
Taking into account that the binding of PbV is very stable, we can assume that the current observation of vacancy loss is an experimental evidence of the PbV presence in Pb doped sample.
In other words, our theoretical results allow us to claim, that Pb and C codoping of crystalline silicon leads to the reduction of VO pairs due to the trapping of V by Pb during the irradiation with high energy electrons. On the other hand, Pb can trap both C s and C i species in order to form complexes during the course of irradiation as revealed by the positive binding energies of C s Pb s and C i Pb s pairs of 0.33 eV and 0.31 eV, respectively. Such behavior would explain the experimentally reported carbon leakage. As vacancies and carbon interstitials are the fast diffusing species, these complexes can be formed by following reactions:
Notably, the balance between vacancies and interstitials is a very informative tool to study defect complexes formation in irradiated material. Moreover, the balance of the impurity species before and after irradiation is an important indicator of the processes that occurred. Such kind of balance analysis together with calculations from the first principles allows to investigate the complex behavior of defects and impurities as well as their fundamental properties in the material.
According to the theoretical and experimental results, it is evident that the role of isovalent dopants on the production of vacancy-and interstitial-related defect complexes is of high importance. In addition, each dopant interacts with vacancies and interstitial in its own way depending on its covalent radius. The relative strength of such interactions is derived from DFT and presented in Table V . It can be concluded that the smaller the covalent radius is, the higher is the binding energy with interstitials and vice versa vacancies bind stronger with higher covalent radius dopants. Of special interest is the Ge doped case where we have medium values for both I and V. Such a case would be very sensitive to the dopant concentrations as it was shown previously in Ref. 11 . Other elements show more straightforward tendencies. C doping will lead to the increase of VO complexes due to the trapping of interstitials by carbon impurities. Whereas in Pb and Sn doping case, the concentration of VO pairs should decrease due to the trapping of some vacancies by dopant elements. The situation becomes more complicated in the codoped case, when relative concentration and interactions between codopants play a crucial role.
The discussion above concerns the thermodynamic aspects of the problem. Further, we will briefly consider the kinetic features of the examined complexes. Previously, we argued that the absence of an inverse annealing stage of the VO in the Pb doped sample indicates the PbV stability above the temperature where VO pairs begin to transform to VO 2 (300 C). 34 Indeed the absence of an inverse annealing stage indicates that this complex is stable in the whole observed temperature range. Moreover, this could explain the increasing of the VO 2 clusters at 450 C as was reported recently. 35 This might happen due to the dissociation of PbV and further reaction with free V with O 2 (V þ O 2 ! VO 2 ).
IV. CONCLUSIONS
The present results verify that the formation of the VO, the C i O i , and the C i C s pairs is substantially reduced in the Pb-doped Si as compared to the reference sample. Regarding the thermal evolution of the above pairs, their annealing temperature is clearly lower in the case of the Pb-doped Si. To conclude, Pb doping can be used to improve the radiation hardness of Si. The different behaviour is revealed by analysis of the ratio of vacancy-related to interstitial-related defects derived from the FTIR measurements. The vacancy trapping by the lead impurity is a further evidence of the presence of the inferred PbV pair. 23 The interstitial trapping by Ge dopants is in line with the proposed mechanism of interstitial release in such Ge-doped samples. 12, 35 Concerning carbon, our DFT calculations prove that it is the strongest trap for the interstitials leading to an increase of the VO concentration with the increase of C concentration. Moreover, we observe an enhanced-capture of both C i and C s by Pb impurity under irradiation. 
